Background
==========

Myocardial infarction (MI) remains a leading cause of death worldwide. An acute MI occurs when myocardial ischemia exceeds a critical threshold, usually due to an acute plaque rupture in the coronary arteries, and the cellular cascade of events overwhelms myocardial cellular repair mechanisms leading to myocardial cell damage.[@b1-cmc-9-2015-113] Myocardial ischemia occurs as a result of plaque buildup in the coronary arteries, a disease formally known as atherosclerosis or coronary artery disease (CAD). Rupturing of vulnerable atherosclerotic plaque follows a period of continual plaque destabilization and/or plaque growth due to various pathobiological processes.[@b2-cmc-9-2015-113] Plaque contents are enclosed within a stabilizing fibrous cap that prevents exposure of the thrombogenic core to the bloodstream, and weakening of this cap can therefore lead to plaque rupture and MI.[@b3-cmc-9-2015-113] There is substantial evidence illustrating a positive relationship between low-density lipoprotein cholesterol (LDL-C) and elevated triglyceride (TG) to CAD progression. Oxidized LDL particles damage endothelium and promote plaque rupture. Although LDL-C is well studied, there is also a significant inverse relationship between high-density lipoprotein cholesterol (HDL-C), the "good cholesterol," and CAD progression. Studies show that the strongest independent risk factor for CAD is a low serum concentration of HDL, resulting in an increased risk of MI and stroke, although many patients with MI have normal HDL-C levels.[@b4-cmc-9-2015-113] In this review, we discuss the potential role of low HDL in accelerated CAD and examine the need for patients in this subset to be treated with appropriate medication to help prevent MI.

Importance of low HDL in clinical associations
----------------------------------------------

Numerous factors influence the reduction of HDL-C levels, including smoking and elevated nonfasting TG levels. In a study by Xenophontos et al analyzing the relationship between low HDL-C levels (\<40 mg/dL), smoking, and polymorphism and MI in Greek Cypriot males, it was shown that smoking reduces HDL-C and apolipoprotein concentrations and increases LDL-C, plasma TGs, and very-low-density lipoprotein TGs, which all contribute to an increased risk of MI.[@b5-cmc-9-2015-113] When TG levels are elevated, TGs saturate HDL particles, leading to an increased exchange of cholesterol esters by cholesteryl esterase transfer protein.[@b6-cmc-9-2015-113] Furthermore, a study by Virmani et al showed that thin-cap fibroatheromas, a type of vulnerable plaque and the major precursor lesion associated with plaque rupture, are the most common in patients with low HDL-C levels and a high total cholesterol/HDL ratio.[@b7-cmc-9-2015-113],[@b8-cmc-9-2015-113]

HDL: Brief Overview of Structure and Function
=============================================

HDLs in the blood serum represent heterogeneous lipoproteins with a density \>1.063 g/mL and a small size between 5 and 12 nm.[@b9-cmc-9-2015-113] HDL-C is composed of proteins -- apolipoprotein A-I (ApoA-I) and apolipoprotein A-II (ApoA-II) -- and other molecules, including phospholipids, cholesterol esters, unesterified cholesterol, and TGs. Recent studies have examined numerous HDL subclasses that differ in the quality and quantity of lipids and apolipoproteins and can be distinguished by shape, charge, density, and size through various methods.[@b10-cmc-9-2015-113] The varying methods used to determine HDL subclasses are inconsistent in their findings, each method obtaining various sets of subclasses in comparison to another. In a recent review of the HDL subfractions, Rizzo et al discussed a unified and integrated HDL nomenclature that defined five HDL subclasses for simplicity: very large, large, medium, small, and very small HDL particles. However, the two major subclasses discussed in literature are the HDL2 and HDL3, which are large and small, dense HDL particles, respectively. HDL particle structures consist of an outer layer composed of free cholesterol, phospholipids, and varied apolipoptroteins and a hydrophobic center composed of TGs and the esters of cholesterol.[@b10-cmc-9-2015-113],[@b11-cmc-9-2015-113]

HDLs can contribute to the maintenance of endothelial cell homeostasis and have potent antioxidant properties via the following enzymes: paraoxonase-1 (PON1), platelet-activating factor acetylhydrolase (PAF-AH), glutathione selenoperoxidase, lecithin-cholesterol acyltransferase (LCAT), and phospholipid transfer protein.[@b10-cmc-9-2015-113] HDL particles also display antithrombotic and antiaggregating properties via the protection of the endothelium through different mechanisms: by stimulating endothelial cell nitric oxide and prostacyclin production, HDL particles are able to promote better regulation of vascular structure and tone.[@b10-cmc-9-2015-113],[@b12-cmc-9-2015-113],[@b13-cmc-9-2015-113] The capacity of HDL to inhibit endothelial cell apoptosis has, therefore, been suggested as an important potential antiatherogenic property, and interruptions to this function can be deleterious. Another important function of HDL particles is the protection of LDL particles from oxidation through the activity of associative enzymes such as PAF-AH and PON.[@b10-cmc-9-2015-113]

Perhaps the most relevant atheroprotective function of HDL is to promote the removal of intracellular cholesterol by a process called reverse cholesterol transport (RCT). As defined by Vergeer et al.[@b14-cmc-9-2015-113], RCT is the uptake of cholesterol from peripheral cells by lipid-poor apoA-I and HDL that is mediated by lipid transporter molecules such as ATP-binding cassette transporter A1 and G1 and scavenger receptor B-I, and the subsequent delivery to the liver for ultimate excretion into the feces as neutral sterols or bile acids. The whole RCT process is physiologically important as it allows removal of excess cholesterol from the artery wall and from atherosclerotic plaques, thereby reducing plaque buildup in the arteries that can lead to an MI.[@b15-cmc-9-2015-113]

In the Tromsø study, a 7-year, prospective, population-based observational study of carotid plaque progression was measured using ultrasound in 1,952 subjects with evidence of carotid atherosclerosis at baseline; it was shown that more dense, echogenic atherosclerotic plaques were associated with higher levels of HDL-C. The stability and density of these plaques can be attributed to the removal of the lipid within the plaque via RCT.[@b16-cmc-9-2015-113],[@b17-cmc-9-2015-113] [Figure 1](#f1-cmc-9-2015-113){ref-type="fig"} illustrates the various roles of HDL.[@b18-cmc-9-2015-113]

HDL subpopulations and MI
-------------------------

The major subclasses of HDL, HDL2, and HDL3 vary in their composition and activities of lipids and apolipoproteins.[@b19-cmc-9-2015-113] In HDL3 populations, for example, increased activities of antioxidative enzymes such as PON1, PAF-AH, and LCAT, as well as a composition dominated by apoJ, apoL-1, and apoF proteins have been noted. In HDL2 populations, different proteins such as apoE, apoC-1, apoC-11, and apoC-111 have been seen to dominate in these larger, less dense particles.[@b10-cmc-9-2015-113] The importance of the differing compositions and functionalities remains ambiguous. Numerous studies on HDL functionality propose the value of obtaining more information on HDL subfractions such as lipids and apolipoproteins as a means of better understanding the relationship between HDL-C and cardiovascular diseases. Moreover, there are equivocal data in studies analyzing these two subclasses and a direct relationship with CAD and MI remains unclear.

As discussed by Rizzo et al, the two major subclasses, HDL2 and HDL3, possess different functionalities, yet most studies support the view that larger HDL2 particles are more atheroprotective.[@b10-cmc-9-2015-113] However, Stampfer et al analyzed the cholesterol and apolipoprotein contents of 246 male patients with and without MIs and found that although HDL2 was indeed associated with lower MI risk, it is HDL3 that had the strongest correlation with MI and was therefore the strongest MI predictor. Meanwhile, Salonen et al.[@b20-cmc-9-2015-113] studied 1,799 randomly selected male subjects who were 43, 48, 54, or 60 years old and found that a total serum HDL-C level of \<1.09 mmol/L was associated with a 3.3-fold risk of acute MI, serum HDL2 cholesterol of \<0.65 mmol/L was associated with a 4.0-fold risk of acute MI, and serum HDL3 cholesterol of \<0.4 mm/L was associated with a 2.0-fold risk of acute MI. The authors concluded that both total HDL and HDL2 levels were inversely related to MI risk, possibly conferring atheroprotection against ischemic heart disease, while the role of HDL3 remains ambiguous. Contrastingly, Martin et al.[@b21-cmc-9-2015-113] investigated the two major HDL subclasses, HDL2 and HDL3, in secondary prevention and found that increased risk for long-term hard clinical events is associated with low HDL3, but not HDL2 or total HDL. Evidence from analysis of the TRIUMPH study of 2,465 acute MI patients, and the IHCS study of 2,414 patients who underwent coronary angiography, determined that HDL3 was independently associated with a 50% greater risk for MI in each study. Thus, the individual atheroprotective roles of HDL2 and HDL3 remain controversial.

HDL dysfunction
---------------

As with the vast majority of biological molecules, the function of HDL-C particles is dependent on their structure. Therefore, even the slightest modifications to their structure may prevent appropriate. Infection/inflammation and oxidative stresses have been shown to be causative factors in the alteration of lipoprotein particles.[@b22-cmc-9-2015-113] The duration of infection/inflammation induces numerous changes in the apolipoproteins, enzymes, and transfer proteins associated with HDL-C, as well as a reduction in HDL-C levels.[@b23-cmc-9-2015-113] Hypothetically, the alterations of associative molecules inexorably result in functional changes of the HDL-C particles themselves. The known molecules affected are lecithin (LCAT), cholesteryl esterase transfer protein, hepatic lipase, and phospholipid transfer protein, which play important roles in HDL metabolism and RCT.[@b24-cmc-9-2015-113]--[@b27-cmc-9-2015-113] A study in 1995 comparing HDL before and during an acute phase response (APR) -- systemic reaction to infectious and noninfectious tissue destructive processes -- in both human beings and rabbit model produced the following results: "in rabbits, from the onset of APR the protective effect of HDL progressively decreased and was completely lost by day three. As serum amyloid A (SAA) levels in acute phase HDL (AP-HDL) increased, apo A-I levels decreased 73%. Concurrently, PON and PAF-AH levels in HDL declined 71 and 90%, respectively, from days one to three. After day three, there was some recovery of the protective effect of HDL." These results indicate that during bodily responses to infection and inflammation, changes to HDL and its associative proteins disarm its ability to protect LDL from oxidation in the aortic cell wall -- a key function of HDL in the prevention of CAD -- and can become pro-inflammatory agents.[@b24-cmc-9-2015-113]--[@b28-cmc-9-2015-113]

Riwanto et al compared the effects of HDL particles in mouse cohorts with CAD (HDL-CAD) vs HDL particles in healthy subjects (HDL-Healthy) for the activation of endothelial anti- and proapoptotic signaling pathways to determine which changes to the lipoprotein were relevant, thereby illustrating how structural changes to HDL proteomics may be harmful.[@b29-cmc-9-2015-113] According to this study, HDL-Healthy reduced endothelial apoptosis in the aorta, whereas HDL-CAD did not reduce endothelial apoptosis. Proteomic analysis identified significantly reduced clusterin levels and an increase in the apoC-III content in HDL-CAD relative to HDL-Healthy, which contribute to this discrepancy in function. Clusterin is a protein that, when bound to HDL, increases its endothelial antiapoptotic effects. Conversely, apoC-III has been found to diminish the capacity of HDL to lessen endothelial apoptosis and has been shown to transfer between lipoproteins.[@b29-cmc-9-2015-113],[@b30-cmc-9-2015-113] This study also shows that the "apoC-III content was not only increased in the HDL fraction, but also in the serum and the LDL/very-low-density lipoprotein fraction of patients with CAD, suggesting an increased synthesis or a reduced clearance of apoC-III in patients with CAD." Moreover, elevated apoC-III levels have been linked to other factors associated with atherosclerotic plaque vulnerability and progression such as hypertriglyceridemia, metabolic syndrome, and diabetes mellitus.[@b31-cmc-9-2015-113]--[@b33-cmc-9-2015-113] ApoC-III also inhibits the clearance of TG-rich lipoproteins, a key process in the prevention of CAD, and when bound to LDL is independently associated with an increased risk of CAD.[@b34-cmc-9-2015-113]

Taken together, these adverse effects of dysfunctional HDL may offer an explanation for how low serum levels of HDL-C contribute to the destabilization and increased vulnerability of atherosclerotic plaque, potential rupture, and MI.

Treatment: Targeting HDL Levels
===============================

The well-known "HDL hypothesis" suggests that therapies aimed at raising HDL-C concentrations will lower the risk of CAD and MI. In a widely cited meta-analysis of four large studies (total number of individuals studied: 15,252), a 1 mg/dL increase of HDL-C levels was reported to be associated with a 2%--3% decreased CVD risk.[@b14-cmc-9-2015-113],[@b35-cmc-9-2015-113] Niacin, presently prescribed with a statin, is one of the most commonly used pharmacological therapy aimed at raising HDL-C concentrations in patients with such risks. At a pharmacological dose of \~1.5--2 g per day, Niacin is one of the most potent agents available for this purpose. Niacin also reduces all proatherogenic lipids and lipoproteins, including total cholesterol, TGs, very-low-density lipoprotein, LDL, and lipoprotein(a).[@b15-cmc-9-2015-113] Despite its popularity, the efficacy of niacin has come into question in recent studies.[@b36-cmc-9-2015-113] Two distinct studies, Atherosclerosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides and Impact on Global Health Outcomes (AIM-HIGH) and Heart Protection Study 2 -- Treatment of High-density Lipoprotein to Reduce the Incidence of Vascular Events (HPS2-THRIVE) were aimed at evaluating whether adding the modern, extended-release niacin formulations to statin therapy provides incremental benefit over statin therapy alone in terms of cardiovascular primary events in patients with established CAD.[@b15-cmc-9-2015-113] These clinical trials studied specific populations of stable ischemic heart disease patients, excluding patients with MI or those with significant residual mixed dyslipidemia not treated with optimal doses of intensive statin therapy.[@b37-cmc-9-2015-113] Both the AIM-HIGH and HPS2-THRIVE clinical trials were stopped prematurely due to a lack of beneficial effects and an inability to meet primary endpoints of reduced cardiovascular disease and MI risk.[@b38-cmc-9-2015-113]

A genetic study conducted by Voight et al failed to show a causal association between HDL-C elevation and reduced risk of MI. Using two mendelian randomization analyses, they tested the hypothesis of this causal association. Voight et al identified the endothelial lipase gene (LIPG) variant that has a serine substituted for asparagine at amino acid 396 (LIPG 396Ser) that only affects HDL-C without changing other lipid/nonlipid MI risk factors. Carriers of LIPG 396Ser display significant increases in HDL-C as compared to noncarriers. To determine whether the carriers of this LIPG 396Ser are protected from MI, Voight et al studied the association of LIPG Asn396Ser -- a single-nucleotide polymorphism in the LIPG -- with incident MI in 50,763 participants from six prospective cohort studies. They found that this LIPG variant did not protect against MI, challenging the idea that higher levels of HDL-C confer protection.[@b39-cmc-9-2015-113] Data from this study show no direct correlation between HDL-C levels and risk of MI from a genetic standpoint, suggesting that increasing HDL-C medically is not sufficient to prevent MI.

However, one caveat to the above study, Rizzo et al suggest that total HDL-C may not accurately reflect the true atheroprotective properties in particular patients. More studies are warranted with the HDL subfractions.

There have been a number of recent studies on the novel monoclonal antibody drugs, evolocumab (Amgen) and alirocumab (Sanofi Aventis/Regeneron). These drugs comprise a monoclonal antibody targeting a liver protein: proprotein convertase subtilisin/kexin type 9 (PCSK9) that inactivates it \[reviewed in Ref. [@b40-cmc-9-2015-113]\]. These studies, ODYSSEY[@b41-cmc-9-2015-113] and OSLER,[@b42-cmc-9-2015-113] suggest PCSK inhibitors may be highly effective LDL-C lowering drugs for patients who are statin intolerant, and therefore potentially lower the risk for CAD, MI, and stroke. Although there is sufficient data supporting its effect on LDL, more data are warranted to discuss its effects on HDL and patients with dyslipidemia.

Conclusion
==========

In this review, we have established that HDL is decreased in many patients with acute MI. We have analyzed its role in accelerated CAD mildly. Brief analysis of its subparticles show that increasing total concentration may not be sufficient to protect MI. However, blood levels of HDL \<40 mg/dL may be an effective warning sign for atherosclerotic development. Therefore, in these patients, statin treatment should be used to prevent accelerated CAD and MI. In the future, more data from the new PCSK9 inhibitors will help ascertain their role in this process.
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